Gastrulation is a critical morphogenetic event during vertebrate embryogenesis, and it is comprised of directional cell movement resulting from the polarization and reorganization of the actin cytoskeleton. The non-canonical Wnt signaling pathway has emerged as a key regulator of gastrulation. However, the molecular mechanisms by which the Wnt pathway mediates changes to the cellular actin cytoskeleton remains poorly defined. We had previously identified the Formin protein Daam1 and an effector molecule XProfilin1 as links for Wnt-mediated cytoskeletal changes during gastrulation. We report here the identification of XProfilin2 as a non-redundant and distinct effector of Daam1 for gastrulation. XProfilin2 interacts with FH1 domain of Daam1 and temporally interacts with Daam1 during gastrulation. In the Xenopus embryo, XProfilin2 is temporally expressed throughout embryogenesis and it is spatially expressed in cells undergoing morphogenetic movement during gastrulation. While we have previously shown XProfilin1 regulates blastopore closure, overexpression or depletion of XProfilin2 specifically affects convergent extension movement independent of mesodermal specification. Specifically, we show that XProfilin2 modulates cell polarization and axial alignment of mesodermal cells undergoing gastrulation independent of XProfilin1. Together, our studies demonstrate that XProfilin2 and XProfilin1 are non-redundant effectors for Daam1 for non-canonical Wnt signaling and that they regulate distinct functions during vertebrate gastrulation.
Introduction
The establishment of the vertebrate body plan during embryogenesis results from a series of exquisite and tightly-controlled cell polarization and cell migration events during gastrulation (Keller, 2002) . A full understanding of the molecular mechanisms and signaling pathways that regulate these important processes of cell polarization and motility during gastrulation remains a daunting challenge to developmental biologists.
While a number of signaling pathways including BMPs and FGFs have been shown to play crucial roles in cell fate determination and motility during gastrulation (Heisenberg and Solnica-Krezel, 2008) , The Wnt pathway has emerged as a key regulator of gastrulation. Wnt proteins comprise a large family of secreted glycoproteins with conserved functions from invertebrates to vertebrates (Komiya and Habas, 2008) . Notably, Wnt signaling regulates a variety of developmental processes including cell fate determination, cell proliferation, cell motility, and the establishment of the primary axis during vertebrate embryogenesis (Logan and Nusse, 2004 ).
An important aspect of Wnt signaling involves the regulation of cell polarity and cell motility via the non-canonical signaling cascade (Komiya and Habas, 2008) . For non-canonical Wnt signaling, the Wnt signal is transduced via the Wnt-receptor Frizzled (Fz) to the cytoplasmic protein Dishevelled (Dvl), and this pathway regulates cell movement during gastrulation via modification of the actin cytoskeleton (Veeman et al., 2003; Wallingford and Habas, 2005) . A number of molecular components for non-canonical Wnt signaling have been identified (Habas and He, 2007; Komiya and Habas, 2008; Veeman et al., 2003; Wallingford and Habas, 2005) . Downstream of Dvl, the small GTPases Rho and Rac are activated by two independent pathways (Habas et al., 2003 (Habas et al., , 2001 . Signaling to Rho occurs via the molecule Daam1 (Dishevelled associated activator of morphogenesis) that binds to the PDZ domain of Dvl (Habas et al., 2001) . The Daam1 protein exists in an auto-inhibited state and upon Dvl-binding, this auto-inhibition is relieved and Daam1 is activated (Liu et al., 2008) . Activated Daam1 subsequently activates Rho, and Daam1 can also interact with actinbinding proteins (Sato et al., 2006) . The Daam1/Rho pathway leads to the activation of the Rho associated kinase ROCK, which mediates cytoskeletal reorganization (Semenov et al., 2007) . In the second pathway, the DEP domain of Dvl leads to activation of a second GTPase, Rac, which in turn leads to activation of Jun Kinase (Habas et al., 2003; Semenov et al., 2007) . Together, the Rho and Rac branches of signaling are integrated to regulate modification of the actin cytoskeleton for modification of cell adhesion and directional migration during gastrulation (Komiya and Habas, 2008; Wallingford and Habas, 2005) .
Although several molecular components of the non-canonical Wnt pathway have been identified, many questions remain on the mech-anism by which signaling proceeds from the plasma membrane to the actin cytoskeleton for cell polarization and motility. We had previously identified the Formin homology protein, Daam1, as a crucial link between Dishevelled (Dvl) and the small GTPase Rho (Habas et al., 2001; Mlodzik, 2002) . Furthermore, we established that Daam1 functions to mediate Wnt-induced cytoskeletal changes required for gastrulation cell movement; we also identified XProfilin1 as a Daam1-binding partner required for blastopore closure independent of convergent extension movement during gastrulation (Sato et al., 2006) .
Profilins are evolutionarily conserved proteins that play important roles in the polymerization of actin filaments (Watanabe and Higashida, 2004; Witke, 2004) . In mammals, there are four Profilin genes (1-4) and of these, Profilin 1 is ubiquitously expressed, Profilin 2 is expressed only in the nervous system, and Profilin 3 and Profilin 4 appear to be testis-specific (Birbach, 2008; Witke, 2004) . Profilin1 mutant mice die at the 8-cell stage, showing that Profilin1 is essential for cytokinesis (Witke et al., 2001) . Mutant studies in Drosophila have revealed a role for Profilin1 in oogenesis, spermatogenesis, and in bristle and eye formation (Cooley et al., 1992; Verheyen and Cooley, 1994) . In Xenopus, Profilin1 was shown to regulate blastopore closure during gastrulation (Sato et al., 2006) and a recent study in zebrafish points to a role for Profilin1 in gastrulation (Lai et al., 2008) . Profilin2 mouse mutants show deficiencies in synaptic physiology with no embryonic defects noted (Pilo Boyl et al., 2007) .
The Profilin proteins bind to monomeric actin and this Profilinactin complex serves as a major source of actin monomers for actin polymerization and for growth of unbranched actin filaments (Birbach, 2008) . The Profilin proteins contain two major surfaces, one that binds to actin and the other that binds to polyproline-rich sequences such as those found in the FH1 domain of Formin proteins . Upon actin binding, Profilin activates actin monomers by stimulating ADP to ATP exchange; Profilin then binds to the FH1 domain of Formin proteins and provides these activated actin monomers for the growth of the actin filament Paul and Pollard, 2008) . The FH2 domain of Formin proteins, including Daam1, has been shown to nucleate actin and to function in processive capping; however the ability of an FH1/FH2 fragment of Daam1 to promote actin assembly in vitro was approximately 100-fold less than that of other Formins such as mDia1 Higashi et al., 2008; Li and Higgs, 2003; Lu et al., 2007; Moseley et al., 2006; Pollard, 2007; Yamashita et al., 2007) . To date, it remains unclear whether precise changes to the actin cytoskeleton require specific or regulated interactions between different Profilin isoforms and distinct Formin proteins.
We identified Profilin1 in a screen for Daam1 interacting proteins, and showed that it regulated blastopore closure during gastrulation (Sato et al., 2006) . However, as gastrulation is comprised of a complex series of dynamic events including cell migrations, and cell rearrangements that drive convergence and extension during axial elongation, neural tube closure, and blastopore closure (Keller, 2002; Keller et al., 2003; Wallingford et al., 2002) , we reasoned that additional bindingpartners for Daam1 must exist for its function. From the screen that netted Profilin1 (Sato et al., 2006) , the second most abundant isolated clone was Profilin2. We therefore chose to characterize the potential role of Profilin2 in non-canonical Wnt-regulated signaling during gastrulation. Here we show XProfilin2 binds to Daam1 via its FH1 domain. In the Xenopus embryo, we show that XProfilin2 is temporally expressed throughout embryogenesis and is spatially enriched in cells undergoing morphogenetic movement during gastrulation. Interestingly, we find that overexpression or depletion of XProfilin2 specifically affects convergent extension movement and this effect is independent of mesodermal specification. To further delineate how XProfilin2 regulates convergent extension movement, we show that XProfilin2 regulates cell polarization and axial alignment of mesodermal cells undergoing gastrulation and this function is independent of XProfilin1. Additionally, overexpression of XProfilin2 promotes actin fiber formation and conversely a reduction of XProfilin2 reduces actin fibers in Xenopus dorsal marginal explants. Our studies show that Profilin2 and Profilin1 are non-redundant proteins for Daam1mediated for non-canonical Wnt signaling, and that they have distinct roles in regulating cell behavior during vertebrate gastrulation.
Materials and methods

Antibodies
Monoclonal antibodies (mAbs) against HA (F-7), Myc (9E10), RhoA (26C4), Dvl2 (10B5), and polyclonal Abs (pAbs) against Myc (N-262) were obtained from Santa Cruz Biotechnology. The hDaam1 polyclonal antibody was previously reported (Sato et al., 2006) . Alexa Fluor antimouse and anti-rabbit Abs and Texas Red X-Phalloidin were obtained from Molecular Probes (Eugene, OR).
Plasmids and oligonucleotides
The human Daam1 and fragments of Daam1 were generated by restriction digest or a PCR approach, and subcloned in pCS2 + MT (for the Myc tag at the N terminus) or pcDNA-HA (for the HA tag at the amino terminus), or pCS2 + GFP vector (kindly provided by Dr Jeffrey Miller, University of Minnesota). Full length, 5′UTR-XProfilin2-Myc and 5′end deleted (ΔN-Profilin) versions of Xenopus Profilin2 (isolated by a PCR approach from a Xenopus Stage 10.5 cDNA library) were cloned into pCS2 + MT or pCS2 + GFP. Details of plasmids are available upon request.
An XProfilin1 Morpholino oligonucleotide (MO) complementary to the translational initiation site, 5′-TGTAGCCGTTCCAAGACATTGTT-GT-3′ (Sato et al., 2006) and an XProfilin2 Morpholino oligonucleotide (MO) complementary to the translational initiation site, 5′-CGCACT-GAAGATGTCCGGCTGGCAG-3′ were synthesized by Gene Tools. A MO of similar length but with a random sequence was used as the negative control.
Yeast two-hybrid screen
A rat brain cDNA library (Clonetech) was screened using the C-Daam1 fragment of Daam1 as the bait. 3.9 million independent clones were screened, and 11 overlapping Profilin2 cDNAs, in addition to other positives, were obtained.
Transfections
HEK293T cells were employed for all transfections. Briefly, cells in a six well plate were transfected using either the calcium-phosphate method or Polyfect reagent (Qiagen) with 1-2 μg of each indicated plasmid. Transfected DNA amounts were equalized using plasmid vectors without any inserts.
Embryo manipulations and explant assays
Embryo manipulations and explant assays were performed as described (Sato et al., 2006) . Embryo injections were performed using in vitro transcribed RNAs, cDNAs or Morpholino oligonucleotides. Convergent extension assays in explants were performed as described (Sato et al., 2006) .
Embryo dissection and in vivo imaging
Microinjection and micro-dissection of Xenopus embryos were performed as previously described (Sato et al., 2006) . Briefly, RNAs (0.5-2 ng) encoding GFP-CAAX (kindly provided by Dr. Karen Symes, Boston University) or membrane-tethered Cherry (Dr. Chenbei Chang, University of Alabama) were microinjected separately into dorsal blastomeres of four-cell stage embryos, alone or with XProfilin2 MO and RNAs encoding ΔN-XProfilin1 and ΔN-XProfilin2. Dorsal explants of the neurula stage embryos were prepared and kept flat with mesoderm layer up using a coverslip.
Phalloidin staining of Xenopus explants
Dorsal mesodermal explants of Xenopus embryos cultured until neurula stage were fixed in 3.7% paraformaldehyde for 2 h followed by washing in 1XPBS/0.1% Triton X-100 and incubated with 4 U/ml of Oregon Green 488 Phalloidin (Invitrogen) for 3 h. The samples were then washed with 1XPBS/0.1% Triton X-100 and mounted on a glass slide with FluoroGel mounting media (Electron Microscopy Sciences).
Confocal microscopy and data scoring
An Olympus IX-50 confocal microscope with a 63X objective was used for image acquisition. Images were scored for abundance of actin fibers as normal (average of the uninjected control sample), increased and decreased (compared to the normal).
Results
Identification of Profilin2 as a binding partner for Daam1
We had previously reported the identification and characterization of XProfilin1 as an effector for Daam1 that is required for blastopore closure during gastrulation (Sato et al., 2006) . As Daam1depletion results in defects in convergent extension movement along with a failure of neural tube closure and blastopore closure (Habas et al., 2001) , we reasoned that additional effectors must exist downstream of Daam1 for its function. From the yeast two-hybrid screen that netted Profilin1 as a binding partner for Daam1, the second most abundant interactor isolated was Profilin2. We therefore sought to characterize the possible role for Profilin2 in Daam1-mediated noncanonical Wnt signaling.
We first cloned the Xenopus homologue of Profilin2. The XProfilin2 protein comprises 140 amino acids and shares a 52% identity and 65% similarity with XProfilin1 protein and an 80% identity and 87% similarity the mouse homologue ( Fig. 1A) . Interestingly, a phylogenetic analysis of mouse and Xenopus Profilin1 and Profilin2 proteins reveal that XProfilin2 is more closely related to mouse Profilin2 and Profilin1 than to XProfilin1 (Fig. 1B) .
In order to demonstrate interactions between XProfilin2 and Daam1 outside of yeast, we examined the binding between XProfilin2 and Daam1 via co-immunoprecipitation assays using epitope-tagged wild type or truncated proteins expressed in mammalian HEK293T culture cells (Figs. 1C, D) . We found that XProfilin2 binds to full length Daam1 and C-Daam1, which contains the FH1 and FH2 domains, but not to N-Daam1, which contains the amino-terminal GBD domain (Figs. 1C, D). Using smaller fragments of C-Daam1 harboring the FH1 or FH2 domains separately, we were able to determine that XProfilin2 binds to the FH1-containing fragment of Daam1 but not to the FH2-containing fragment (Fig. 1D ). Thus, like XProfilin1, XProfilin2 also interacts with the FH1 domain of Daam1 and is a bona-fide binding partner.
Expression pattern of XProfilin2 during Xenopus embryogenesis
To help elucidate the in vivo role of XProfilin2, we examined its temporal and spatial expression pattern during Xenopus embryogenesis. RT-PCR analysis showed that XProfilin2 was strongly expressed maternally, and this level of expression persisted throughout development ( Fig. 2A) . The spatial pattern of XProfilin2 gene expression was next visualized by in situ hybridization. These studies revealed a strong and ubiquitous expression of XProfilin2 throughout all stages in the developing embryo ( Fig. 2B ). XProfilin2 was observed in the animal pole of the fertilized egg and around the blastopore lip during the blastula stage. At the neurula stage, XProfilin2 was highly expressed within the neural plate and neural folds, and as development progressed its expression became restricted to the brain, eyes and spinal cord regions (Fig. 2B ). This expression pattern overlaps with that for XProfilin1 and XDaam1 (Nakaya et al., 2004; Sato et al., 2006) .
Profilin2 is required for gastrulation
To elucidate the function of XProfilin2 in vivo, we examined the effects of overexpression and loss of function of XProfilin2 in the Xenopus embryo. Injection of XProfilin2 RNA into the two ventral marginal zones of the four-cell embryo at the highest dose of 2 ng or injection of 2 ng LacZ RNA had no effect on Xenopus development (Figs. 3A, B ). In contrast, injection of 1 ng and 2 ng of XProfilin2 RNA but not 2 ng LacZ RNA into the two dorsal marginal zone of the fourcell embryo resulted in profound gastrulation defects. The injected embryos had reduced anterior structures, open blastopores, shortened anterior-posterior axis and a failure of neural fold closure. This phenotype suggests that XProfilin2 may regulate gastrulation, as interference with this process results in such phenotypes (Keller, 2002; Veeman et al., 2003; Wallingford et al., 2002) .
To delineate the role of XProfilin2 using a loss-of-function approach, we designed an anti-sense Morpholino oligonucleotide (MO) that recognizes and overlaps with the translational initiation codon to deplete the endogenous XProfilin2 protein (Fig. 3C ). As commercial Profilin2 antisera did not recognize endogenous XProfilin2 by Western Blot analysis (not shown), we tested the efficiency of the XProfilin2 MO (70 ng) to inhibit translation of a 5′UTR-XProfilin2-Myc (1 ng) or 5′UTR-XProfilin1-Myc (1 ng) construct injected into Xenopus embryos. Protein translation via injection of 5′UTR-XProfilin2-Myc, but not that of 5′UTR-XProfilin1-Myc RNA was abrogated by coinjection with the XProfilin2 MO but not by the co-injected control MO (Fig. 3D) . Deletion of the XProfilin2 MO binding site within the ΔN-XProfilin2 (1 ng) construct was further insensitive to the effects of the XProfilin2 MO, and XProfilin1 MO (70 ng) did not affect the translation of 5′UTR-XProfilin2-Myc (Fig. 3D) . As a control, we observed no effects with the injected Morpholinos on the levels of endogenous β-actin protein (Fig. 3D) . These studies demonstrate that the XProfilin2 MO was specific, and it effectively inhibits the translation of XProfilin2.
We next utilized the XProfilin2 MO to delineate the role of Profilin2 during development. Xenopus embryos injected with XProfilin2 MO (70 ng) into both dorsal blastomeres at the 4-cell stage showed a failure of neural tube closure, short and curved anterior-posterior axis, and open blastopores similar to the XProfilin2 RNA injection (Figs. 3E, F) . This XProfilin2 MO result was observed to be dosedependent using doses ranging from 50 to 100 ng (not shown). Importantly, the XProfilin2 MO-induced phenotype could be rescued by co-injecting XProfilin2 MO (70 ng) along with XProfilin2 RNA (0.5 ng) lacking MO-binding site (ΔN-XProfilin2), but not by coinjection with LacZ RNA (0.5 ng) (Figs. 3E, F) . Additionally, co-injection of ΔN-XProfilin1 RNA (0.5 ng) (Sato et al., 2006) failed to rescue the phenotype induced by the XProfilin2 MO-injection, indicating that this phenotype is specific to the endogenous function of the XProfilin2 protein. These results together suggest that XProfilin2 is required for gastrulation and that XProfilin1 and XProfilin2 have non-redundant functions during gastrulation.
We further examined the effect of overexpression of XProfilin2 by injecting Myc-XProfilin2 RNA in a similar fashion as above. RNAs (2 ng) from either full length, 5′UTR-XProfilin2-Myc and MO site deleted (ΔN-XProfilin2) constructs of XProfilin2 showed phenotype similar to the loss of function phenotype. In order to confirm the specificity of the effect, we employed a "reverse-rescue" method by co-injecting 5′UTR-XProfilin2-Myc (2 ng) and a low dose of XProfilin2 MO (25 ng) or XProfilin1 MO (25 ng) together. Co-injection of XProfilin2 MO but not XProfilin1 MO rescued the overexpression of 5′ UTR-XProfilin2-Myc phenotype (data not shown). Altogether, these results confirmed that proper levels of XProfilin2 protein are required for gastrulation and that the function of XProfilin2 is non-redundant with that of XProfilin1.
Profilin2 is not required for mesodermal specification
As a failure of mesodermal specification can result in defective gastrulation, we sought to determine whether XProfilin2 might regulate mesodermal cell fate determination. We first examined whether gain of function or loss of function of XProfilin2 impacted mesodermal gene expression by RT-PCR analysis. Injection of XProfilin2 RNA (2 ng), XProfilin2 MO (70 ng), control MO (70 ng) or XProfilin2 MO (70 ng) along with ΔN-XProfilin2 RNA (0.5 ng) into the dorsal blastomeres at the 4-cell stage had no effect on the expression of the pan-mesodermal marker brachyury (Xbra), the dorsal mesodermal marker goosecoid (Gsc), or the ventrolateral mesodermal marker Xwnt8 (Fig. 4A) .
We further examined the spatial expression pattern of mesodermal (Xbra and Gsc) and neural maker (Sox2 and Otx2) genes in response to overexpression or loss of XProfilin2 using whole embryo in situ hybridization analysis. Using doses of RNAs and MOs similar to the RT-PCR analysis above showed that the expression of mesodermal markers was unaffected. However, we observed a positional shifting of the gene expression territories owing to the defective gastrulation in both embryos overexpressing XProfilin2 or embryos depleted of XProfilin2 (Fig. 4B ). Together, these results show that XProfilin2 does not regulate mesodermal cell fate specification, but affects the proper localization of mesodermal and neural genes due to abnormal cell movement during gastrulation.
Profilin2 is required for convergent extension cell movement
The phenotypes observed with our gain-of-function and loss-offunction studies with XProfilin2 may result from defects in convergent extension movement during gastrulation. In order to test the function of XProfilin2 for convergent extension movement in developing embryos, we employed the Keller explant assay and in vivo imaging of migrating mesodermal cells (Figs. 5A-E). In Keller explant assays, the elongation of the dorsal mesodermal explants was significantly inhibited when embryos were injected with XProfilin2 MO (70 ng), but not with the control MO (70 ng) (Figs. 5A, B) . A dominant negative mutant of Dishevelled (Xdd1, 2 ng) known to result in the defective convergent extension movement was employed as a positive control (Figs. 5A, B and Sokol, 1996; Wallingford and Harland, 2001) . Additionally, the inhibition of explant elongation by the XProfilin2 MO (70 ng) was effectively rescued by co-injecting ΔN-XProfilin2 RNA (0.5 ng) (Figs. 5A, B) .
We next studied the behaviors of mesodermal cells of cultured dorsal explant of embryos injected into the two dorsal blastomeres at the 4-cell embryo with XProfilin2 RNA (2 ng) or XProfilin2 MO (70 ng) co-injected along with a membrane-targeted fluorescent construct (cherry and GFP, 0.5 ng) as tracer. Similar to the results obtained with the Keller explant assays, the explants from XProfilin2 MO-injected embryos displayed irregular shaped cells similar as those from Xdd1 (2 ng) injected embryos indicating that convergent extension movement was affected ( Figs. 5C-E) . The defects in cell morphology due to XProfilin2 MO-injection were rescued by co-expression of ΔN-XProfilin2 RNA (0.5 ng). The length/width ratios of the cells from the control, Xdd1-injected, XProfilin2 MO-injected, and rescued explants were 3.3, 1.6, 1.6 and 3.6 respectively (Fig. 5D ). We measured the degree of disorientation of the cells by calculating the average deviation of the lengthwise angular orientation of the cells, which were 5.5, 25.6, 24.8 and 3.9 for the control, Xdd1, XProfilin2 MO and rescued cells respectively (Fig. 5E ). Together, these results showed that XProfilin2 is required for convergent extension movement during gastrulation. 
Profilin2 can modulate the actin cytoskeleton
As Daam1 regulates cytoskeletal changes during non-canonical Wnt signaling (Habas et al., 2001) , this prompted us to test whether the gastrulation defects observed with overexpression or depletion of XProfilin2 were due to effects on the actin cytoskeleton.
We thus examined the effects of overexpression or depletion of XProfilin2 on the actin cytoskeleton in explanted dorsal mesodermal cells. We found that injection of XProfilin2 RNA (2 ng) led to a pronounced increase of actin fibers while injection of the XProfilin2 MO (70 ng) led to a marked decrease in the number of actin fibers in these cells (Figs. 6A, B) . Importantly the loss of actin fibers resultant from the XProfilin2 MO (70 ng) was efficiently rescued by coinjection of the XProfilin2 MO-insensitive ΔN-XProfilin2 RNA (0.5 ng) (Figs. 6A, B) .
Distinct temporal interaction of Profilin2 with Daam1 during gastrulation
Because of the distinct functional roles observed for XProfilin2 for convergent extension movement and Profilin1 for blastopore closure during gastrulation, we asked whether there was a preferential association between XProfilin1 and XProfilin2 with XDaam1 during gastrulation. We injected Myc-tagged XProfilin1 (1 ng) and Myc-tagged XProfilin2 (1 ng) and performed co-immunoprecipitation with endogenous Daam1 from Xenopus lysates at distinct temporal stages during gastrulation. We found no difference between the ability of XProfilin1 to interact with Daam1 during stages 10.5 to 17 (Fig. 7A ) and a preferential increase in the association between XProfilin2 and Daam1 commencing around stage 12 (Fig. 7B) . This difference in temporal complex formation between XProfilin1, XProfilin2, and Daam1 suggests that Daam1 differentially binds to and likely employs XProfilin1 and XProfilin2 for discrete roles during gastrulation consistent with the phenotypes observed with gain-of-function or lossof-function analysis with XProfilin1 and XProfilin2.
Discussion
In this study, we characterized the role of XProfilin2 in noncanonical Wnt signaling and Xenopus gastrulation. We identified XProfilin2 as a Daam1-interacting molecule and show XProfilin2 specifically binds to the FH1 domain of Daam1. In the Xenopus embryo, we find XProfilin2 is expressed in a temporal and spatial manner consistent with a role in gastrulation and show via gain-of-function and loss-of-function analysis that XProfilin2 is required for convergent extension movement during gastrulation. Importantly, XProfilin2 regulates cell polarization and axial alignment of mesodermal cells undergoing gastrulation and XProfilin1 cannot compensate for this function. These findings together demonstrate XProfilin2 is a nonredundant regulator of cell motility downstream of Daam1 during vertebrate gastrulation.
Profilin2 is an effector for Daam1
The non-canonical Wnt signaling pathway plays central roles during vertebrate gastrulation (Wallingford et al., 2002) , and we have shown that the Formin protein Daam1 is a crucial regulator of noncanonical Wnt signaling for gastrulation (Habas et al., 2001) . Daam1 binds to and is activated by the Dishevelled protein for its function modulating cytoskeletal changes and one effector identified as a downstream component for Daam1's effect on the actin cytoskeleton was the actin-binding protein XProfilin1 (Liu et al., 2008) . However, as XProfilin1 specifically regulated blastopore closure, we reasoned additional downstream effectors for Daam1-mediated regulation of gastrulation must exist.
We now show that XProfilin2, similar to XProfilin1, binds to the FH1 domain of Daam1 ( Fig. 1D and Sato et al., 2006) . Profilin2 can serve a similar biochemical function as Profilin1 in providing actin monomers for Formin-mediated actin filament elongation . While the expression pattern of Profilin2 in the mouse shows predominant expression in the nervous system (Gareus et al., 2006) , we find that XProfilin2 RNA is maternally present, and its temporal expression pattern remains largely unchanged during embryogenesis. Spatially, XProfilin2 is enriched in dorsal mesodermal cells undergoing gastrulation, and it becomes refined to the neural plate and later in the eye, brain and spinal cord during embryogenesis. The maternal and zygotic expression of XProfilin2 suggested an early role in development and we note its expression pattern overlaps with that of XProfilin1 during early development (Sato et al., 2006) .
Profilin2 regulates vertebrate gastrulation
The non-canonical Wnt pathway and Daam1 play important roles in cell polarization and cytoskeletal reorganization during gastrulation (Habas et al., 2001; Mlodzik, 2002) . The effectors for Daam1 required for gastrulation remain poorly deciphered, and we find that RNA-based overexpression or MO-based depletion of XProfilin2 leads to severe gastrulation defects hallmarked by a shortened anteroposterior axis, curved body axis, and open neural tubes (Figs. 3A, B) .
These results are in stark contrast to functional studies of XProfilin1 that only affects blastopore closure (Sato et al., 2006) . Additionally, the effects of XProfilin2 on gastrulation were independent of mesodermal cell fate specification suggesting a direct effect on cell behavior (Fig. 4A) . The gastrulation defects observed by the depletion of XProflin2 were not rescued by expression of XProfilin1 RNA, which is resistant to the effects of the XProfilin2 MO. These results therefore strongly suggest distinct and non-redundant roles for XProfilin1 and XProfilin2 proteins during embryogenesis.
Profilin2 regulates dynamic cell behavior during convergent extension movement
Morphogenesis during gastrulation relies on a series of dynamic cell polarization and migratory events termed convergent extension movement that mediate axial extension, neural fold closure, and blastopore closure and convergent extension movement are regulated by non-canonical Wnt signaling (Wallingford et al., 2002; Wallingford and Habas, 2005) . As the phenotypes resultant from overexpression or depletion of XProfilin2 resembled those of convergent extensiondefective embryos, we examined whether XProfilin2 regulated convergent extension movement. Using Keller explants, we find overexpression or depletion of XProfilin2 strongly suppressed elongation of mesodermal explants suggesting that XProfilin2 can regulate cell movement during gastrulation (Figs. 5A, B) .
Cell shape changes and polarization of dorsal mesodermal cells undergoing gastrulation are required for convergent extension movement, such that these cells adopt an elongated and polarized shape with a long axis oriented towards the midline. We find using overexpression and depletion of XProfilin2 that both length-to-width ratios and angular deviation from the midline are observed in these cells (Figs. 5C-E). Thus XProfilin2 functions to regulate cell behavior including polarization and mediolateral orientation responsible for normal convergent extension movement.
Profilin modulates the actin cytoskeleton
Cell motility during gastrulation requires modulation of the actin cytoskeleton for directed cell polarity, and polarization of the migrating cells associated with mediolateral intercalation and convergent extension movement. Profilin2 is therefore an excellent candidate for linking Daam1's function to the actin cytoskeleton (Keller, 2002; Keller et al., 2003; Wallingford et al., 2002) . The Profilin family members have been shown to regulate actin polymerization together with Formin proteins Witke, 2004) . Indeed we find that expression of XProfilin2 strongly induced actin fiber formation in dorsal mesodermal explants while depletion of XProfilin2 strongly depleted actin fibers in these cells (Figs. 6A, B ). As gain of function and loss of function of XProfilin2 in the Xenopus embryo inhibits convergent extension movement, we propose XProfilin2 functions downstream of Daam1 to regulate actin polymerization for the polarization and directional cell movement required for convergent extension movement. Whether additional factors downstream of Daam1 are required for distinct aspects of gastrulation remains to be investigated.
Distinct effectors for Daam1 regulate discrete aspects of gastrulation
Our studies together show that XProfilin2 and XProfilin1 function with Daam1 to regulate distinct aspects of gastrulation; XProfilin2 regulates convergent extension movement while XProfilin1 regulates blastopore closure (Sato et al., 2006) . This however raises a deeper question: how does Daam1 engage these factors for these distinct functions? We note that both XProfilin2 and XProfilin1 RNAs are expressed throughout embryogenesis and even in overlapping regions, but we do not know how this RNA expression relates to their protein expression. Currently, the available antibodies against Profilin2 and Profilin1 either do not recognize or cannot distinguish between these two isoforms in Xenopus.
Additionally, we note that in the mouse, a knockout of Profilin1 reveals a critical function as the embryos die during the first cleavage stages (Witke et al., 2001) , while in Xenopus XProfilin1 regulates blastopore closure (Sato et al., 2006) . In the mouse, a knockout of Profilin2 shows defects in neuronal excitability (Pilo Boyl et al., 2007) , whereas our current study in Xenopus revealed that XProfilin2 is critical for cell motility during gastrulation. The apparent discrepancy between the function of Profilin in mouse and Xenopus could possibly be due to the fact that our Morpholino approach may only partially deplete these proteins, thereby producing a hypomorphic phenotype. Alternatively, the Profilin isoforms may simply function differently in the two species. It should be noted, however, that in our XProfilin2 knockdown studies in Xenopus, the expression of XProfilin1 could not compensate for the loss of XProfilin2. Moreover, phylogenetic analysis of the Xenopus and mouse Profilin2 and Profilin1 isoforms reveal that Xenopus Profilin2 is more closely related at the amino acid sequence level to mouse Profilin1. Therefore, based on phenotypic analysis and sequence homology, it remains possible that Xenopus XProfilin2 functions more like mouse Profilin1 than mouse Profilin 2.
In summary, we provide evidence that Daam1 utilizes distinct effectors for discrete aspects of gastrulation. Daam1 binds to XProfilin1 and this Daam1/XProfilin1 complex function is required for blastopore closure (Sato et al., 2006) . Daam1 can also bind to XProfilin2 and this Daam1/XProfilin2 complex function is required for cell polarization and motility during convergent extension movement. How Daam1 temporally and biochemically utilizes these different actin-binding proteins for these effects remains to be investigated. We are further pursuing whether additional effectors are required downstream of Daam1 during gastrulation.
